location is linked to initiating the response in a different spatial location (dorsal iris) and to this particular sector. We propose that the blood provides a link between the localised coagulation and signal transduction pathways that lead to regeneration. A transmembrane protein (tissue factor) is expressed in a striking patch-like domain in the dorsal iris of the newt that localises coagulation specifically to this location, but is not expressed in the axolotl, a related species that does not show thrombin activation after lentectomy and cannot regenerate its lens. Our hypothesis is that tissue factor expression localises the initiation of regeneration through the activation of thrombin and the recruitment of blood cells, leading to local growth factor release. This is the first example of gene expression in a patch of cells that prefigures the location of a regenerative response, and links the immune system with the initiation of a regenerative program.
Lens regeneration in adult salamanders occurs at the pupillary margin of the mid-dorsal iris where pigmented epithelial cells (PEC) re-enter the cell cycle and transdifferentiate into lens. It is not understood how the injury caused by removal of the lens (lentectomy) in one location is linked to initiating the response in a different spatial location (dorsal iris) and to this particular sector. We propose that the blood provides a link between the localised coagulation and signal transduction pathways that lead to regeneration. A transmembrane protein (tissue factor) is expressed in a striking patch-like domain in the dorsal iris of the newt that localises coagulation specifically to this location, but is not expressed in the axolotl, a related species that does not show thrombin activation after lentectomy and cannot regenerate its lens. Our hypothesis is that tissue factor expression localises the initiation of regeneration through the activation of thrombin and the recruitment of blood cells, leading to local growth factor release. This is the first example of gene expression in a patch of cells that prefigures the location of a regenerative response, and links the immune system with the initiation of a regenerative program.
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The only adult vertebrates able to regenerate the lens are the newts (aquatic salamanders) and certain species of cobitid fish (Tsonis et al., 2004; Stone, 1967; Sato, 1961; Brockes and Kumar, 2008) . Lens regeneration is distinct from other examples of regeneration in that the operation of lentectomy removes the lens in its entirety, and the lens is not in contact with the iris (Bornfeld et al., 1974) , the tissue which initiates the response and undergoes transdifferentiation to lens (Eguchi, 1998; Brockes and Kumar, 2002; Tsonis, 2007) . Regeneration is localised to the dorsal iris and recent work has provided evidence for intrinsic differences between dorsal and ventral cells in relation to responsiveness and signalling, as well as for early and preferential activation on the dorsal pupillary margin (Del Rio- Tsonis et al., 1999; Grogg et al., 2006 Grogg et al., , 2005 Makarev et al., 2007 Makarev et al., , 2006 Tsonis and Makarev, 2008; Hayashi et al., 2008) . In earlier work the protease thrombin, a critical mediator of hemostasis and other aspects of the injury response, was found to be selectively activated at the dorsal margin after lentectomy (Imokawa and Brockes, 2003) . If thrombin activity was blocked, this inhibited cell cycle re-entry and lens regeneration. In most contexts of tissue injury, prothrombin is converted to thrombin in association with extracellular complexes of clotting factors nucleated by the transmembrane protein tissue factor (TF) (Daubie et al., 2007; Esmon, 2000) . After identifying thrombin activation as an early and necessary event at this location, we previously proposed that the thrombin response could be due to the selective expression of TF in the adult newt iris (Imokawa and Brockes, 2003; Imokawa et al., 2004) . TF in perivascular tissue plays a 0925-4773/$ -see front matter Ó 2010 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2010.04.004 critical role in nucleating the assembly of coagulation proteases into a complex that activates prothrombin, and leads to the formation of a fibrin clot (Rao and Pendurthi, 2005; Walker and Royston, 2002; Osterud and Bjorklid, 2001; Levi and ten, 1999) . TF is constitutively expressed in many extravascular cells, including fibroblasts and pericytes in and surrounding blood-vessel walls and lung epithelial cells, but absent from blood cells and endothelial cells that line blood-vessel walls. Thus, vessel wall injury that disrupts the endothelial-cell barrier or the pathologic expression of TF in monocytes and endo- Fig. 1 -Newt and axolotl TF. (A) Sequence comparison of salamander and human TF amino acid sequences. Clustal alignments of sequences are shown where an asterisk indicates that the residues are identical in all sequences, and a colon that conserved substitutions are observed. The three sequences share 35% identity, while newt and axolotl have 68% identity and 85% similarity. The riboprobes for in situ hybridisation corresponded to amino acids 53-179 in the newt sequence, and amino acids 18-186 in the axolotl sequence. The colours shown divide amino acids on the basis of physio-chemical properties thought to be important in the determination of protein structure. Blue = acidic, Magenta = basic, Red = small (small + hydrophobic (incl.aromatic-Y)), Green = hydroxyl + amine + basic À Q. (B) Expression of myc-tagged newt TF after transient co-transfection of newt A1 cells with nuclear Red Fluorescent Protein. At 3 days after transfection the cells were fixed in acid alcohol and stained with monoclonal anti-myc followed by Alexafluor 488 labelled anti-mouse Ig. Note that staining is detectable in the cytoplasm (narrow arrow) and at the cell surface (thick arrow). thelial cells will result in the circulating blood coming into contact with TF on cell surfaces, allowing TF-FVIIa complex formation and the subsequent activation of coagulation pathway (Mandal et al., 2006) .
In this study we demonstrate the selective expression of TF in a patch-like domain in the dorsal iris of the newt but not the axolotl, a species that does not show thrombin activation after lentectomy and cannot regenerate its lens. Furthermore, the formation of fibrin, a critical consequence of thrombin activation, occurs transiently after lentectomy at the dorsal margin in the newt but not the axolotl. We propose a unifying model that brings together the current information on the localisation and activation of transdifferentiation in lens regeneration.
1.
Results and discussion
Isolation of newt and axolotl TF sequences
A partial cDNA sequence for Axolotl TF (obtained from Dr. Randall Voss) was extended to obtain a full length sequence corresponding to 284 amino acids (GenBank Accession No. FJ810851). This allowed the design of primers to isolate a partial cDNA for newt (N. Viridescens) which was extended to obtain a full length sequence of 287 amino acids (GenBank Accession No. FJ810852). The newt and axolotl sequences showed high identity with each other and high similarity with human TF (Fig. 1A) . A myc-tagged version of newt TF was expressed in cultured newt A1 cells after transient transfection and was detected in the cytoplasm and at the cell surface (Fig. 1B) .
Although we obtained affinity purified rabbit antibodies to peptide sequences within the newt TF sequence, these were not useful for immunolocalisation of the TF protein within the iris. The intense pigmentation of the newt iris caused severe problems by inhibiting fluorescence activation and by scattering of emitted light, whereas procedures for bleaching the pigment caused severe loss of antigenicity. Therefore in this study we have used in situ hybridisation to localise TF expression in the iris, and a histological stain to localise fibrin formation.
TF is expressed as a patch in normal newt dorsal iris
For in situ hybridisation the iris was dissected from the eyecup while remaining attached to the cornea. This helped to preserve the relatively fragile iris tissue in the steps of tissue processing. The pigmentation was thoroughly bleached prior to the hybridisation steps. After reacting with digoxygenin-labelled antisense probe to newt TF followed by development with a phosphatase-labelled antibody, the newt iris showed a striking and intense dorsal patch of reaction product ( Fig. 2A and B) . The corresponding TF sense probe showed uniform non-specific reaction throughout the iris. An antisense probe to the neomycin resistance gene sequence gave comparable staining to irides processed in parallel but not reacted with probe ( Fig. 2C and D) . When the iris was reacted with an antisense probe to newt EF-1a, a normalising gene, it was stained uniformly as expected (Fig. 2E) .
Seven examples of TF patches from different newts were subjected to image analysis (Table S1 ). The total area of the iris varied over approximately fivefold, but the percentage of the pupillary margin perimeter occupied by the patch was relatively constant at around 25%. The area of the patch relative to the total area of the iris varied between 16% and 33%, but most examples were in the range 16-20%. In no case did the peripheral margin of the patch extend to the outer iris margin. Expression on the ventral margin was either weak or absent, that is at the level of staining of the neomycin control probe.
The axolotl iris showed no detectable reaction with either the newt TF probe or the axolotl TF probe (Fig. 2F and G) , whereas axolotl elongation factor 1 alpha probe showed uniform expression throughout the iris (Fig. 2H) . The axolotl TF probe also showed strong reactivity in perivascular tissue in extraocular locations (Fig. S1 ).
1.3.
Fibrin is deposited at the dorsal margin after lentectomy
In view of the difficulties of antibody staining on the newt iris, we used the Fuchsin Miller method to detect fibrin deposition (Bancroft and Stevens, 1975) . The Fuchsin Miller method is a histological stain that is very specific for fibrin, staining it bright red. The control newt iris showed no reactivity (Fig. 3A) , whereas irides taken at 5 or 7 days post-lentectomy showed strong red staining in a mid-dorsal location at the pupillary margin (Fig. 3B) , and this was greatly reduced or undetectable at 10 or 12 days (Fig. 3C) . The red staining in the 5 days tissue was totally removed by prior exposure of the iris to the fibrinolytic enzyme plasmin (Fig. 3D) . Isolated clots formed from newt plasma were strongly stained by this method (Fig. 3E ) and were completely digested by plasmin as expected. In view of the established specificity of the staining method, and the effect of plasmin digestion, we conclude that fibrin is transiently deposited at the critical dorsal location after lentectomy.
No staining could be detected with this method on irides taken from the axolotl at 5, 7 or 10 days post-lentectomy (Fig. 3F) , while isolated fibrin clots from axolotl plasma were strongly stained. The absence of fibrin staining is consistent with the earlier demonstration that thrombin is not activated after lentectomy.
1.4.
A sequential model for activation and transdifferentiation in newt lens regeneration
The present results allow us for the first time to integrate the activation and transdifferentiation phases of lens regeneration (Fig. 4) . We propose that the patch of TF expression in the normal iris specifies the location for episodes of lens regeneration (Fig. 4A) . The lens is suspended in the anterior chamber by the zonular ligaments which are anchored to the ciliary muscle. The removal of the lens leads to the release of blood (which is often visible) into the chamber, presumably by the rupture of ciliary vessels. The assembly of activation complexes on the TF patch leads to the rapid appearance of localised thrombin activity which is necessary for S phase re-entry, as shown previously (Imokawa and Brockes, 2003; Imokawa et al., 2004; Simon and Brockes, 2002) . We proposed earlier that thrombin acted to generate an activity referred to as Fa that was defined originally in respect of re-entry of newt myotubes (Tanaka et al., 1999; Tanaka and Brockes, 1998 ), but the current evidence for lens regeneration now suggests that the growth factor acting on the PEC is FGF2. A soluble form of FGF2 receptor IIIc acted as a strong inhibitor of lens regeneration, while injections of FGF2 into a normal eye evoked formation of an extra lens from the dorsal but not the ventral iris (Hayashi et al., 2008 (Hayashi et al., , 2004 (Hayashi et al., , 2002 . In lens regeneration FGF2 mRNA is expressed first on the dorsal margin, and our observation that a fibrin clot forms at this location provides a clear rationale for the dorsal bias of this growth factor ( Fig. 4B and C) . Fibrin is well known for its adhesive properties for leukocytes and growth factors (Szaba and Smiley, 2002; Pintucci et al., 2002; Ofosu, 2002; Akassoglou et al., 2004; Yu et al., 2008; Wilner et al., 1981; Sahni et al., 2004 ; et al., 1994; Funato et al., 1999; Leonardi et al., 2000; Akimoto et al., 1999; Inoue et al., 1996) , and the recruitment of leukocytes to the dorsal margin or their selective activation by thrombin at this location could result in a source of FGF2 that initiates re-entry and regeneration on the dorsal margin ( Fig. 4D and E) . Leukocytes are observed in this location after lentectomy (Eguchi, 1963; Yamada and Dumont, 1972) , and several studies of activation in contexts of mammalian tissue injury have reported the induction of FGF2 by fibrin and thrombin (Lee et al., 2004; Cao et al., 2006; Lee and Kay, 2006) .
An important contribution of recent work has been the demonstration that dorsal and ventral iris PEC's differ in respect of both BMP and Wnt signalling (Grogg et al., 2005; Hayashi et al.,2008 Hayashi et al., , 2006 . The ventral iris is subject to signalling from the BMP pathway that inhibits transdifferentiation to lens, while the dorsal iris is apparently subject to Wnt signalling that stimulates transdifferentiation (Fig. 4E) and expression of lens genes (Fig. 4F) . It is interesting that the dorsal localisation of the regenerative response is reinforced first by the selective location of the TF determinant mediating thrombin activation after lentectomy, and second by the selective responsiveness of the dorsal PEC. We have repeatedly attempted to misexpress TF in the ventral iris but in no case has this led to formation of lenses in this location after lentectomy, presumably because of the second mechanism, that is the lack of responsiveness. It can be postulated that the lack of Wnt expression in the ventral iris would prevent responsiveness of this tissue even after local thrombin activation. Blocking thrombin activation with chemical inhibitors can prevent the activation of iris tissue and inhibits the regeneration of new lens. All other contexts of regeneration in salamanders and other animals depend on activation of the response in a tissue remnant adjacent to the site of injury or tissue removal. The lens is a unique regenerative context as the lens tissue is suspended in the anterior chamber by zonule ligaments that are anchored to the cillary muscle. On lentectomy, the lens is completely removed from the eye chamber without any damage to the iris tissue itself. The TF patch is thus far unique as an adult determinant that prefigures the location of regeneration, and reflects the need for a 'remote' activation mechanism. The patch is absent in the axolotl, and again our repeated attempts to induce lens regeneration by expression of TF in this context have been negative. It seems likely that there are differences in responsiveness and signalling between newt and axolotl PEC, and there is evidence to support this in relation to BMP signalling (Grogg et al., 2005) .
Finally it is noteworthy that the newt lens can be removed by a mechanism of innate immunity involving activated dendritic cells (Kanao and Miyachi, 2006) , and this is consistent with the suggestion that the natural stimulus for lens regeneration is not lentectomy but parasitic infection (Okada, 2004) . Our model (Fig. 4) , and that of others (Hayashi et al., 2008) , suggests that activated leukocytes, which have been observed after lentectomy, play a pivotal role in association with the TF/thrombin/fibrin patch described here. In this sense the immune system would play a positive and enabling role in lens regeneration following infection, in contrast to the negative role that has been proposed in other contexts (Mescher and Neff, 2005; Godwin and Brockes, 2006) . A detailed characterisation of urodele immune cells has not yet been performed. Experiments are underway to examine the immune subsets and their role in the regenerative program.
2.
Experimental procedures
Animal procedures and cell culture
Adult newts (Notophthalmus viridescens) were anesthetised with 0.1% tricaine and lentectomy was performed by making a slit across the cornea followed by application of gentle pressure to the eye to remove the lens. Procedures for culture, transfection and immunostaining of cultured newt cells were as described earlier.
2.2.
In situ hybridisation
For whole mount hybridisation the eyeballs were removed, washed in cold phosphate buffered saline adjusted to amphibian osmolarity (PBS), fixed in methanol at À20°for 1 h, and rehydrated in graded PBS/methanol at 4°. The cornea with iris attached was dissected from the eye cup, washed in PBS, and rinsed in PBS containing 0.1% Tween prior to bleaching on a light box in PBS/1% H 2 O 2 /5% formamide (deionised)/ 0.5% SSC. The progress of bleaching was monitored and took between 8 and 48 h in different cases, and the H 2 O 2 containing buffer was changed every 8 h.
The iris/cornea rings were rinsed extensively in PBS, incubated in 0.2 M HCl for 15 min, rinsed in PBS for 5 min, and incubated in Proteinase K (90 lg/ml for newt iris, 30 lg/ml for axolotl iris) for 15 min at room temperature. After incubation for 10 min in glycine (2 mg/ml)/PBS, and rinsing in PBS, the tissue was post-fixed in freshly prepared paraformaldehyde (4% in PBS) for 20 min, rinsed in PBS, and transferred into plastic (Sylgard) moulds. After rinsing in TBS (0.5 M NaCl, 0.01 M tris pH 7.5, 0.1 mM EDTA) tissues were prehybridised at 55°for 1 h in hybridisation buffer (50% formamide, 1 mM EDTA, 10 mM tris pH7.5, 0.6 M NaCl, 0.25% SDS, 10% PEG 6000, 0.2 mg/ml tRNA, 1· Denhardt's solution), and reacted with DIG-labelled probes (1 lg/ml) for 48 h. After washing in 4 · SSC, the tissue was treated with 50 lg/ml RNAse at 37°f or 1 h. For immunologic detection the slides were rinsed in TN (0.1 M tris pH 7.5, 0.15 M NaCl), incubated for 1 h at room temperature in TN/10% goat serum, and then in alkaline phosphatase conjugated anti-DIG (Roche, ·500) in TN + 1% goat serum for 1 h at room temperature. After washing with TN, slides were developed with nitroblue tetrazolium/bromo-chloroindolyl phosphate containing 10% polyvinyl alcohol for 4-24 h according to the manufacturer's instructions, stopped with 0.01 M tris pH8, 1 mM EDTA, and mounted.
Fibrin staining
The iris attached to cornea was dissected as described above, and then the iris was dissected free and placed on Suprafrost slides with posterior iris facing up. In control experiments the iris was subjected to incubation at 37°C for 1 h in 0.1 mg/ml plasmin (Enzyme Research Laboratories, Swansea, UK) in TNC buffer (0.05 M tris pH 8.5, 0.1 M NaCl, 5 mM CaCl 2 ). After fixation with formal sublimate (9pt saturated HgCl 2 , 1pt 40% formalin) for 4 days, the mercury pigment was removed with an iodine thiosulphate sequence. After washing with PBS, slides were bleached on a light box overnight with PBS, 6% H 2 O 2 , 5% formamide. The slides were washed with PBS and then tap water, prior to staining with 0.35% acid fuchsin in 25% glacial acetic acid for 10 min. After rinsing in distilled water, then reacting with 1% phosphotungstic acid and rinsing again, the tissue was stained in Milling Yellow (2.5% dissolved in 2-ethoxyethanol known as Cellosolve) for 30 min, rinsed briefly in Cellosolve, and cleared in xylene prior to mounting.
Fibrin clots for control staining were formed by incubation either with isolated newt or axolotl plasma, or with 0.1 lg/ml human fibrinogen (Sigma) with 1 NIH U/ml of bovine thrombin (Calbiochem) in TNC buffer at room temperature for 30 min. Fibrin clots were digested completely after incubation with plasmin under the conditions described above.
